The bacterial genus Pantoea comprises many versatile species that have been isolated from a multitude of environments. Pantoea was delineated as a genus approximately 25 years ago, but since then, approximately 20 species have been identified having a diversity of characteristics. Isolates from water and soil have been harnessed for industrial purposes including bioremediation, and the degradation of herbicides and other toxic products. Other isolates possess nitrogen fixation and plant growth-promoting capabilities, which are currently being explored for agricultural applications. Some isolates are antibiotic producers, and have been developed into biocontrol agents for the management of plant diseases. Pantoea is also known to form host associations with a variety of hosts, including plants, insects and humans. Although often thought of as a plant pathogen, recent evidence suggests that Pantoea is being frequently isolated from the nosocomial environment, with considerable debate as to its role in human disease. This review will explore this highly versatile group and its capabilities, its known associations, and the underlying genetic and genomic determinants that drive its diversity and adaptability.
INTRODUCTION
The genus Pantoea is a diverse group of yellow-pigmented, rodshaped Gram-negative bacteria in the Enterobacteriaceae. Some of the first members were recognized as plant pathogens causing galls, wilting, soft rot and necrosis in a variety of agriculturally relevant plants, but since then, Pantoea strains have been frequently isolated from many aquatic and terrestrial environments, as well as in association with insects, animals and humans Ewing and Fife 1972; Brady et al. 2008; Volksch et al. 2009; Nadarasah and Stavrinides 2014) . Some Pantoea isolates produce antimicrobials, and have been developed into commercial biocontrol products, such as BlightBan C9-1 and Bloomtime Biological, to help control fire blight of apple and pear trees (Johnson et al. 1993 (Johnson et al. , 2000 Johnson and Stockwell 1998) , while others have bioremediation potential, with the capacity to degrade herbicides without the generation of toxic by-products . As well, some isolates have been harnessed as immunopotentiators for the development of supportive drugs for melanoma, infections, allergies and the reversal of immunosuppression (Yoshida et al. 2009; Hebishima et al. 2011; Nakata, Inagawa and Soma 2011) . The ubiquity, versatility and genetic tractability of Pantoea isolates makes it an ideal group for not only exploring niche-specific adaptation and opportunism, but also for the development of commercially relevant medical, agricultural and environmental products. This review will examine the general biology of Figure 1 . Isolates of Pantoea have been isolated from a variety of soil and water environments, as well as in association with different hosts. Determinants for associating with various plants include the T3SS and T3SEs proteins (HsvG, HsvB and WtsE), as well as carotenoids and indole-3-acetic acid (IAA). Several determinants have also been determined to be involved in the association of Pantoea with various insects, with almost no information on the factors that facilitate colonization of mammalian hosts, including humans. Specific isolates and their natural products have shown promise for therapeutics, including cancer therapy and reversal of immunosuppression, while others have been explored for their bioremediation abilities, including degradation of organic materials and surfactant biosynthesis. Pantoea isolates continue to be evaluated for the biological control and management of plant pests, such as their ability to outcompete pathogens through competitive exclusion and antibiotic production, and their ability to induce plant systemic resistance.
Pantoea, including its evolution, genomics and the specific genetic factors that contribute to its environmental versatility and host-associating capabilities (Fig. 1) .
CLASSIFICATION, SPECIES DIVERSITY AND PHYLOGENY
The early taxonomy of members of Pantoea is quite complex, with some of the first members of the group being classified as Bacillus agglomerans (Beijerinck 1888) and Enterobacter agglomerans (Beijerinck 1888; Tindall 2014) . Other names also associated with members of this group included Bacterium herbicola Löhnis 1911, Pseudomonas herbicola (Geilinger 1921) de'Rossi 1927, Erwinia herbicola (Düggeli) Dye 1964 and E. milletiae (Kawakami and Yoshida 1920) Magrou 1937, which were later established as synonymous by Ewing and Fife (1972) (Tindall 2014) . Later, Beji (1988) and Gavini et al. (1989) recognized E. herbicola, E. milletiae and En. agglomerans as also being synonymous, leading to the transfer of these three groups to the proposed name, Pantoea agglomerans (Beijerinck 1888; Gavini et al. 1989) , which served as the nomenclatural type for the establishment of the genus, Pantoea (Ewing and Fife 1972; Beijerinck 1888; Gavini et al. 1989; Tindall 2014) .
With the delineation of the genus, the identification of new Pantoea species has expanded substantially over the last several years. Pantoea is closely related to Tatumella and Erwinia (Brady et al. 2010a,b) , the three forming a monophyletic group nested within the other enterobacterial genera, Escherichia, Salmonella, Citrobacter, Enterobacter, Klebsiella and Cronobacter (Fig. 2) . The basal lineage to this monophyletic group contains a second group that contains many enterobacterial plant pathogenic groups, including Dickeya, Pectobacterium and Brenneria, along with the endosymbiont Sodalis (Fig. 2) (Stavrinides 2009) . Pantoea is currently composed of 20 recognized species that are phenotypically similar, and which were proposed to comprise a total of 13 hybridization groups (Brady et al. 2008 (Brady et al. ,b, 2011 Popp et al. 2010) . Pantoea type strains that define each respective species group have been isolated from a number of sources, although mostly from plants (Table 1) . A rooted phylogenetic tree of Pantoea type strains constructed using gyrB, rpoB and 16S rRNA (Wattam et al. 2014) , which was constructed using shared protein homologs derived from whole genomes of entire species groups within each genus in the Enterobacteriaceae. The relative position of Pantoea is indicated with a box. As genomic information for Tatumella (sister taxon to Pantoea) has not yet been incorporated into the Pathosystems Resource Integration Center, it is not shown. Pseudomonas (Pseudomonadaceae) was used as the root.
shows the relationships between the established species groups (Fig. 3 ). Species like P. deleyi, P. anthophila, P. allii, P. cypripedii, P. wallisi, P. rodasii and P. rwandensis have been isolated from only plant sources, P. conspicua, P. brenneri, P. septica and P. eucrina from only clinical sources and P. gavinae from only outdoor environmental sources. Isolates of P. calida, P. dispersa and P. gavinae were identified from the natural environment or processed products (Table 1) . Previously, several other species had been proposed, including P. citrea, P. punctata and P. terrea (Kageyama et al. 1992) ; however, these were later reclassified into the genus Tatumella using multilocus sequence analysis (MLSA) methods (Brady et al. 2010a,b) .
ADVANCES IN OUR UNDERSTANDING OF PLANT-ASSOCIATED ISOLATES
Most of the early research on Pantoea focused on its parasitic association with plant hosts, including maize, cotton, melon and onion (Table 2) Walcott et al. 2002; Kido et al. 2008; Brady et al. 2011) . Plant diseases caused by phytopathogenic isolates are diverse (Table 2) , and in some cases are shown to be facilitated by a suite of pathogenicity factors that include the type III secretion system (T3SS), quorum-sensing systems and exopolysaccharides (EPS) ). The T3SS is responsible for the transport of virulence factors, or effector proteins, into host cells, resulting in the subversion of host defenses (Galan and Collmer 1999) . For P. stewartii subsp. stewartii, the causative agent of Stewart's wilt disease in corn, the interaction with the host plant is mediated by a T3SS, PSI-1 (Correa et al. 2010 (Correa et al. , 2012 . PSI-1 is a 24 kb genomic island, similar to the Hrc-Hrp1 family of T3SSs that is also found in P. agglomerans pv. gypsophilae (Frederick et al. 2001; Coplin et al. 2002) . Regulation of the PSI-1 T3SS involves the HrpX/HrpY two-component regulatory system (Merighi et al. 2003 (Merighi et al. , 2006 . HrpY acts downstream in the activation of hrpS, which subsequently regulates hrpL in response to environmental stimuli. HrpL, an alternate sigma factor, is then involved in the regulation and expression of effector genes (Merighi, Majerczak and Coplin 2005) . HrpX, the other component in this regulatory system, is responsible for the expression of hrp genes and is activated under nutrient-limited conditions (Merighi et al. 2006) . Activation of the T3SS results in the injection of type III secreted effectors (T3SEs) into the host cell, which function to facilitate host-specific interactions between the bacterium and host. HsvB and HsvG are T3SEs carried by P. agglomerans pv. betae and P. agglomerans pv. gypsophilae, respectively, and have been shown to play an important role in host-specific colonization (Nissan et al. 2006; Weinthal et al. 2011; Kirzinger and Stavrinides 2012) . The introduction of HsvB into beet and HsvG into gypsophila influences plant transcription and leads to gall formation. When the T3SEs were introduced into the other host (HsvB in gypsophila or HsvG into beet), then no galls would form, suggesting that host specificity is determined at the gene level (Nissan et al. 2006 ).
Quorum sensing is a process whereby bacteria monitor their population density through the use of small diffusible signal molecules (Minogue et al. 2005; Koutsoudis et al. 2006) , and can also be involved in regulating gene systems for pathogenesis and host interactions (Koutsoudis et al. 2006) . For P. stewartii subsp. stewartii, quorum sensing influences adhesion, motility and dispersion, as well as EPS production, and plays a major role in the development of Stewart's wilt disease of corn (von Bodman, Majerczak and Coplin 1998; Koutsoudis et al. 2006) . Pantoea stewartii colonizes the xylem of the plant where it multiples and produces EPS, thereby blocking the flow of water and causing the plant to wilt. The production of the EPS is regulated through the EsaI/EsaR quorum-sensing system, which governs the cps gene cluster that is responsible for EPS biosynthesis in a cell-densitydependent manner (Koutsoudis et al. 2006) . EsaR is thought to act through the repression of the rcsA gene, which in turn acts as a coactivator for RcsA/RcaB-mediated transcriptional activation of the cps gene cluster (Minogue et al. 2002 (Minogue et al. , 2005 . EPS not only aids in the development of Stewart's wilt disease symptoms, but is thought to also provide the invading bacteria with the necessary protection from plant host defenses (Wehland et al. 1999) . The presence of the cps gene cluster is an important genetic component in the overall pathogenicity of P. stewartii, along with the T3SE, WtsE/AvrE, which results in water soaking, and subsequent cell death in host plants (Ham et al. 2008) .
Epiphytic populations of Pantoea have been identified on many plants, as well as on vegetables, fruits and grains, suggesting they possess specific adaptations that facilitate colonization of the phyllosphere (Table 2) (Brandl and Lindow 1998; Beattie and Lindow 1999; Venturini, Oria and Blanco 2002; Lindow and Brandl 2003; Oie et al. 2008; Nadarasah and Stavrinides 2014) . For some isolates, the ability to compete and survive epiphytically is facilitated by the production of indole-3-acetic acid, which has been shown to contribute to the overall nutrient leakage of the plant leaves, and overall survival (Brandl, Clark and Lindow 1996; Brandl and Lindow 1998) . Likewise, the production of carotenoids responsible for the bright yellow pigment appears to play a major role in resistance to ultraviolet (UV) radiation, which allows for successful epiphytic colonization (Mohammadi, Burbank and Roper 2012) . Carotenoids, which are often localized to the hydrophobic regions of the membrane, are able to protect the cell from harmful UV wavelengths (320-400 nm), as well as harmful reactive oxygen species that are activated in the presence of UV during crucial growing phases (Mohammadi, Burbank and Roper 2012) . Mutants that lacked pigmentation had an overall decreased survivorship over wild type in the presence of H 2 O 2 on nutrient-rich media (Mohammadi, Burbank and Roper 2012).
INSECT ASSOCIATIONS
Much of the research surrounding the association of Pantoea with insects has stemmed from the specific adaptations of P. stewartii subsp. stewartii DC283 (DC283) to its flea beetle vector . The bacteria are carried in the insect gut, which are deposited on the surface of sweet corn via the insect frass Menclas et al. 2006; . The bacteria gain entry into the plant via wounds created by the feeding beetles, which results in the colonization of either the apoplast or the xylem vasculature, the production of EPS and the development of the characteristic wilt commonly attributed to P. stewartii (Leigh and Coplin 1992) . Persistence within the corn flea beetle gut by DC283 is facilitated by an animal-specific T3SS, PSI-2, which allows for successful colonization of the corn flea beetle, Deepwater rice as well as the subsequent transmission of P. stewartii to corn plants (Correa et al. 2012) . The PSI-2 system belongs to the InvMxi-Spa group of T3SSs that aid in animal cell invasion by bacteria (Correa et al. 2012 ). An effector gene, ospC1, is thought to play a role in post-invasion pathogenesis of the flea beetle by DC283 (Correa et al. 2012) . This same strain however, is pathogenic towards the pea aphid, suggesting possible opportunistic interactions with other insect hosts in the environment . DC283 carries the ucp1 gene, whose product appears to enable bacterial aggregation and adhesion, allowing DC283 to colonize the aphid hindgut and crop . Disruption of this gene in wild-type DC283 prevents colonization of the aphid, suggesting that ucp1 is responsible for this interaction. The role of ucp1 in the colonization of the flea beetle, if any, remains to be determined.
In addition to the flea beetle, a wide variety of insect species appear to have associations with different Pantoea isolates ( Table 3) . Several of these associations have been described as mutualistic, wherein the bacteria are found to inhabit the insect intercellularly, and in some cases intracellularly within specialized cells of the symbiont host (Vorwerk, Blaich and Forneck 2007) . In such mutualisms, the insect host has been suggested to provide the bacteria with nutrients and habitat, and possibly a direct means of dispersal (Sood and Nath 2002) , while the insect may benefit from bacteria-mediated hydrolysis of proteins (Sood and Nath 2002) , antagonism of pathogens (Vorwerk, Blaich and Forneck 2007) , breakdown of toxic substances (Sood and Nath 2002) , nitrogen fixation ), nutrition and digestion ). The blueberry maggot fly, for example, has been reported to form a mutualistic association with P. agglomerans, whereby the bacterium carries out essential nitrogen cycling processes in the host gut, while the fly provides nutrition and a suitable habitat ). Blueberry maggot flies are naturally attracted to the degradation products of uric acid, as well as the production of other volatile chemicals ). Strains producing uricase are able to break down uric acid, thus attracting the flies to their food source and facilitating the association between the symbionts (Robacker and Lauzon 2002; Maccollom et al. 2009 ). Several Pantoea-insect associations identified appear to be commensalistic. The leaf-cutter ant, which cultivates its own fungus gardens for food is an important player in nutrient cycling in forest environments (Wirth et al. 2003; Pinto-Tomas et al. 2009 ). Pantoea sp. At-9b was consistently isolated as one of the nitrogen-fixing bacterial groups from the fungus gardens, with some isolates carrying a gene cluster that codes for the molybdenum-iron nitrogen fixation pathway ). The nitrogen fixation provided by Pantoea sp. At9b and other microbes in these fungus gardens is thought to allow the leaf-cutter ants to use a wider variety of leaf material that has lower nitrogen concentrations ). Whether these bacteria are carried by and inoculated by the ants, or whether they are naturally present in the soil is currently unknown.
DEADLY PATHOGEN, HARMLESS COMMENSAL OR VERSATILE OPPORTUNIST?
There is presently considerable debate as to the animal pathogenic capabilities of different Pantoea species groups. Strains of P. septica, P. calida, P. dispersa, P. ananatis, P. agglomerans and P. eucalyptii have been isolated routinely from human wounds, fractures, blood and other fluids, skin and surface swabs, stool, cysts and abscesses, as well as from swabs of the urethra, trachea and oropharynx (Table 3 ) Coutinho and Venter 2009; Brady et al. 2010a,b; Nadarasah and Stavrinides 2014) . Pantoea strains have been identified from both immunocompetent and immunocompromised patients, with patient age ranging from premature infants to seniors Kratz et al. 2003; Schmid et al. 2003; De Baere et al. 2004; Christakis et al. 2007; Aly et al. 2008) . Introduction of the bacteria into or onto the patient has been proposed to be through contamination of medical instruments and parenteral (intravenous) nutrition, inhalation of organic dust, wounds exposed to organic material or perinatal in nature (Milanowski 1994; De Champs et al. 2000; Skorska et al. 2003; Cicchetti et al. 2006; Van Rostenberghe et al. 2006; Bicudo et al. 2007; Hsieh et al. 2007; Ferrantino, Navaneethan and Sloand 2008; Lee, Chung and Park 2010) . A wide range of afflictions have been ascribed to Pantoea, including septic arthritis, osteomyelitis, bacteremia and septicemia, and peritonitis, among many others, although direct causation for most of these has not been demonstrated (Table 3) De Baere et al. 2004; Lim et al. 2006; Bergman, Arends and Scholvinck 2007; Christakis et al. 2007; Aly et al. 2008; Ferrantino, Navaneethan and Sloand 2008; Borras et al. 2009; Lalas and Erichsen 2010; Labianca et al. 2013) . Several neonatal outbreaks, however, resulted in multiple deaths from septicemic shock and respiratory failure Bergman, Arends and Scholvinck 2007) . Some work, however, has suggested that these and many other clinical isolates that have been labeled as a strain of Pantoea are, in fact, misidentified (Rezzonico, Smits and Duffy 2012) . One study demonstrated that clinical and animal isolates reported as members of Pantoea (and most frequently as P. agglomerans) actually belong to other Pantoea species groups, and even other genera, like Enterobacter (Rezzonico et al. 2009 ). In cases where clinical isolates are confirmed to be Pantoea, they belong to multiple species groups, including P. septica, P. calida, P. brenneri, P. eucalyptii and P. agglomerans .
To try to understand the pathogenic potential of Pantoea isolates, and whether there is evidence for the evolution of host association and/or host specialization among lineages, several MLSA studies have been conducted using collections of validated clinical and environmental Pantoea isolates to evaluate the extent to which clinical and environmental isolates cluster (Brady et al. 2008 (Brady et al. ,b, 2010a Deletoile et al. 2009; Rezzonico et al. 2009; Nadarasah and Stavrinides 2014) . The separate phylogenetic clustering of clinical and environmental isolatesgrouping into pathogenic and non-pathogenic groups-is considered strongly supportive of lineage-specific host adaptation, as seen with other enterics like Escherichia coli (Georgiades and Raoult 2011) . In all phylogenetic studies carried out for Pantoea, environmental and clinical isolates of many species groups including P. agglomerans, P. ananatis and P. eucalyptii do not form distinctive clusters within each respective species group, but rather are intermingled (Brady et al. 2008 (Brady et al. ,b, 2010a Deletoile et al. 2009; Rezzonico et al. 2009; Nadarasah and Stavrinides 2014) . This phylogenetic structure is generally suggestive of isolates having an unknown capacity for host association, with clinical isolates possibly having the potential to colonize plant hosts, and environmental isolates having the potential to colonize human hosts . In addition, a split decomposition analysis of P. agglomerans has revealed substantive recombination between isolates (Deletoile et al. 2009 ), demonstrating a capacity for transfer of genetic determinants between individual isolates with different capabilities.
The evaluation of virulence potential of both plant and clinical Pantoea isolates has also been carried out using functional host assays. One study, which examined the virulence potential of multiple species of Pantoea from environmental and clinical sources using quantitative growth assays in maize, onion and fruit flies, showed that clinical isolates were able to grow in both plant hosts comparably to environmental isolates . There were no apparent growth or host colonization patterns that were unique to clinical isolates, and host growth could not be predicted by phylogeny or source of isolation . A separate study evaluated five clinical and five plant-associated P. agglomerans strains quantitatively in both soybean and embryonated hen eggs ). Both clinical and plant strains were able to establish epiphytically on soybean plants, and there was no difference in virulence between clinical and plant isolates in the embryonated egg, suggesting that all P. agglomerans isolates might possess equal virulence potential ). Both of these studies indicate that the host-colonizing capabilities of Pantoea isolates remain unpredictable, with an unknown plant or animal host range/host-associating capacity for most isolates. Notably, Pantoea strains are also found to be associated with terrestrial and aquatic animals, including birds, fish, invertebrates, bears and ruminants, which could be suggestive of a life history that involves animal hosts (Table 4) Sauter et al. 1987; Hansen, Raa and Olafsen 1990;  3 Francis, Obraztsova and Tebo (2000), 4 Sulbaran et al. (2009) , 5 Son et al. (2006) , 6 Selvakumar et al. (2008) , 7 Gavini et al.
(1989), 8 Pepi et al. (2010) , 9 Vasileva-Tonkova and Gesheva (2007), 10 Sultana et al. (2011) , 11 Mosso et al. (1994) , 12 September et al. (2007) , 13 Escalante et al. (2009) , 14 Pileggi et al. (2012) , 15 Pindi, Yadav and Shanker (2013) . Cabassi et al. 2004; Vieria et al. 2004; Loch and Faisal 2007; Volksch et al. 2009; Carbajal-Gonzalez et al. 2012; Kiskova et al. 2012; Li et al. 2012; Verdier-Metz et al. 2012; Nadarasah and Stavrinides 2014 ).
GENETICS AND GENOMICS
There are still considerable gaps in our knowledge of the specific genetic determinants that allow Pantoea isolates to be a successful colonizer of both host and non-host environments. For P. stewartii subsp. stewartii and its association with sweet corn, the T3SS (PSI-1) and the EPS, stewartan, appear to be the main virulence factors . Association of P. stewartii subsp. stewartii with its flea beetle vector is facilitated by the T3SS, PSI-2. For P. agglomerans phytopathogenicity, the T3SS along with other virulence factors such as T3SEs are required, which are carried on a plasmid (pPATH) that was suggested to have been acquired horizontally fairly recently (Clark et al. 1993; Nizan et al. 1997; Valinsky et al. 1998; Ezra et al. 2004; Weinthal et al. 2007) . Aside from this and a few other select strains, the determinants used by most other Pantoea species for establishing in both host and non-host environments remains largely underexplored. The availability of sequenced Pantoea genomes has allowed for the discovery and comparison of genetic factors that may contribute to the ability of certain isolates to thrive in different environments. The genomes of several isolates of Pantoea, such as P. agglomerans, P. stewartii, P. vagans and P. ananatis, have been published, revealing genome sizes from 4.5 to 6.3 MB and G+C contents of 52-55% (Smits et al. 2010 (Smits et al. , 2011 Choi et al. 2012; De Maayer et al. 2012b; Hong et al. 2012; Kim et al. 2012; Matsuzawa et al. 2012; Medrano and Bell 2012; Remus-Emsermann et al. 2013; Smith, Kirzinger and Stavrinides 2013; Walterson, Smith and Stavrinides 2014) . Although there has been no broad-scale systematic comparative or evolutionary genomic analysis of Pantoea as of yet, some common genomic features identified in more specific analyses include acylhomoserine lactones and other quorum-sensing genes (Smits et al. 2010; Hong et al. 2012) , plant growth-promoting genes (Kim et al. 2012) , DNA repair genes (Remus-Emsermann et al. 2013) , pathogenicity factors (De Maayer et al. 2010 , 2012a , as well as type IV and VI secretion systems (Kim et al. 2012; Medrano and Bell 2012) .
A recent comparative genomic analysis of the type VI secretion system (T6SS) was conducted using sequenced Pantoea and Erwinia genomes, which showed that one T6SS variant was prevalent in Pantoea isolates from diverse environments (De Maayer et al. 2011) . One locus in particular, the T6SS-1 locus, contains two highly conserved core regions that alternate with variable regions containing hcp and vgrG, which code for secreted effector proteins (De Maayer et al. 2011) . The hcp and vgrG islands contain domains that are conserved across Pantoea strains, and show homology to genes with known roles in antibiosis, fungal cell wall degradation, and animal and plant pathogenesis (De Maayer et al. 2011) . However, the presence of these domains in isolates from diverse environments suggests that there may be an innate capability for genetic versatility and adaptability. This adaptability is also reflected in the plasmids of Pantoea. A comparative genomic study of at least 20 isolates led to the identification of the Large Pantoea Plasmid family (LPP-1), which ranges from 280 to 789 kb, and was found to be distributed among 20 Pantoea isolates representing seven different species, including P. agglomerans, P. vagans, P. eucalyptii, P. anthophila, P. stewartii, P. ananatis and P. cypripedii (De Maayer et al. 2012a ). Plasmid-encoded loci are linked to metabolism and transportation of various sugars, carbohydrates, amino acids and organic acids, as well as the assimilation of iron and nitrogen, antibiotic and heavy metal resistance, host colonization, pathogenesis and antibiosis (De Maayer et al. 2012a) . This illustrates the plasticity of this plasmid family, which may contribute to the diversity of capabilities among the isolates of different species groups.
There are still considerable gaps in our understanding of the nature of those determinants that provide Pantoea with environmental versatility, and how these determinants may be regulated by each respective environment. This avenue of research has the potential to advance our understanding of host association and the factors that may enable opportunism or niche expansion in particular species groups. Likewise, genome-level analyses of Pantoea can provide additional information on the biology and evolution of this group, although these have been limited by the availability of fully sequenced genomes spanning the diversity of the genus. Genomic comparisons, while mostly limited to small groups of isolates, have yielded important insight into the nature of virulence, resistance and metabolic determinants that confer key survival and host-association capabilities. The availability of additional genomes will enable larger comparative genomic analyses that can identify the specific evolutionary processes that are responsible for species-level diversification. Such studies would also allow for the assessment of the pathogenic potential of individual Pantoea isolates given the current use of some isolates as biocontrol, bioremediation and therapeutic agents.
PANTOEA IN BIOTECHNOLOGY
Many strains of Pantoea show striking environmental versatility and adaptability, and possess a variety of biosynthetic and biodegradative capabilities that can be harnessed for potentially useful applications in agricultural, environmental and clinical settings.
Biocontrol
Plants are susceptible to colonization by a variety of phytopathogenic bacteria and fungi, yet epiphytic colonization by Pantoea has been shown to decrease the incidence of plant disease (Johnson et al. 1993 (Johnson et al. , 2000 Johnson and Stockwell 1998) . Many Pantoea strains have been shown to be strong environmental competitors that produce a variety of natural products with antibiotic activity, such as pantocins, herbicolins, microcins and phenazines Beer 1996, 2002; Vanneste et al. 2000 Vanneste, Yu and Reglinski 2002; Giddens, Feng and Mahanty 2002; Wright et al. 2006; Vanneste, Yu and Cornish 2008; Smits et al. 2010 Smits et al. , 2011 , as well as the more recent PNP-1 natural product from P. ananatis BRT175 that has inhibitory activity against E. amylovora, and which is likely similar to FVG, or 4-formylaminooxyvinylglycine (Halgren et al. 2013; Trippe et al. 2013; Walterson, Smith and Stavrinides 2014) . Because of the diversity of natural products they produce, along with their ability to persist in the environment, some Pantoea strains have been developed into commercial biocontrol products, such as BlightBan C9-1 and Bloomtime Biological, which utilize P. vagans C9-1 and P. agglomerans E325, respectively (Johnson and Stockwell 1998; . These biological control agents are used for fruits, vegetables and other crop plants to control many types of Gram-negative and Gram-positive bacteria, pathogenic fungi in the Ascomycota and Basidiomycota, pathogenic oomycetes and parasitic nematodes (Table 5) . Penicillium digitatum, for example, is a green mold that is responsible for post-harvest decay of citrus fruits . Pantoea agglomerans CPA-2 when applied during post-harvest has shown to be effective against Penicillium sp. under certain environmental conditions Zamani et al. 2009 ). While the exact mechanism for the control of Penicillium sp. is still unclear, it may involve a combination of antifungals and antagonism through competitive colonization. Alternatively, Pantoea may provide protection by inducing plant systemic resistance (Munif, Hallmann and Sikora 2001) . The production of certain compounds, such as 1,2,3-benzothiadiazole carbothioic acid S-methyl ester or harpin, induces plant defenses, as shown through the production of β-1,3-glucanases or peroxides (H 2 O 2 ) . Pantoea-induced enhancement of plant defenses has been used to protect tomato from the nematode, Meloidogyne incognita (Munif, Hallmann and Sikora 2001) , cucumber from the fungus, Colletotrichum orbiculare , Arabidopsis from Pseudomonas syringae pv. maculicola , and kiwifruit and tobacco from Sclerotinia sclerotiorum . M. incognita is known to produce root knots on tomato plants (Munif, Hallmann and Sikora 2001) . Pantoea agglomerans MK-29 was shown to induce systemic resistance of the tomato plant when used as a soil drench, resulting in a decrease in penetration of the plant roots by juvenile nematodes, and thereby preventing the development of root knots (Munif, Hallmann and Sikora 2001) .
Bioremediation
Isolates of Pantoea have been identified in a wide variety of pristine and contaminated aquatic and terrestrial environments (Table 5). In the arsenic-contaminated waters of Bangladesh and Chile, Pantoea isolates show arsenic resistance and/or degradation capabilities (Escalante et al. 2009; Sultana et al. 2011) . In Brazil, a P. ananatis isolate has shown the ability to break down the herbicide, mesotrione . Since this environment is adjacent to key agricultural sites, the degradation of herbicides from agricultural run-off is one important strategy for protecting aquatic species. Other isolates from a petrochemical wastewater treatment plant showed the ability to absorb, accumulate and tolerate significant levels of copper, chromium and cadmium . Since the presence of heavy metals in aquatic environments has been shown to be toxic and carcinogenic (Ruiz-Manriquez et al. 1998) , the use of heavy metaltolerant Pantoea isolates for the removal of these compounds from wastewaters is of great interest to industry, and of particular environmental significance .
Pantoea soil isolates have been shown to possess capabilities that include metal reduction , solubilization and degradation of organic materials Sulbaran et al. 2009 ), biosurfactant production (Vasileva-Tonkova and Gesheva 2007; Jacobucci, Oriani and Durrant 2009), iron-based respiration ) and solubilization of insoluble inorganics (Son et al. 2006) . Petroleum, or crude oil, often poses a significant environmental danger to marine life and coast-line terrestrial biota, such as those in the Antarctic, because of its ability to persist at toxic levels in the environment (Vasileva-Tonkova and Gesheva 2007). An antarctic strain, Pantoea sp. A-13, produces glycolipid biosurfactants when using the petroleum hydrocarbons, kerosene and n-paraffin as its sole carbon and energy source (Vasileva-Tonkova and Gesheva 2007). These biosurfactants, in turn, result in the emulsification and subsequent biodegradation of the harmful petroleum hydrocarbons (Vasileva-Tonkova and Gesheva 2007). The use of naturally occurring isolates with the ability to degrade toxic petroleum hydrocarbons into less harmful compounds is a promising alternative to currently used chemical surfactants (Vasileva-Tonkova and Gesheva 2007) .
Biosensors and indicators
Some of the more phenotypically distinct isolates of Pantoea are being explored for their potential as biosensors. One P. agglomerans isolate was found to produce a blue pigment in a temperature-dependent manner (Fujikawa and Akimoto 2011) . Pigment production was determined to be cell density dependent, with cell densities of 10 6 -10 8 being required for maximal pigment production; however, biosynthesis was also temperature dependent, with bacteria acquiring the blue coloration at temperatures ≥10 o C, and retaining their characteristic yellow coloration at temperatures ≤10 o C (Fujikawa and Akimoto 2011) .
Modeling of blue pigment production yielded a robust description of its accumulation and biosynthesis, with the capacity to be developed into a time-temperature indicator for use in monitoring of possible spoilage of food and clinical products (Fujikawa and Akimoto 2011).
Therapeutics
Although Pantoea is currently considered problematic in the clinical environment, products derived from Pantoea have been Citrus fruit Penicillium digitatum 5, 6, 7, 8 Penicillium italicum 5, 6 Lemon Aspergillus flavus developed into novel therapeutics. Recently, an immunopotentiator, IP-PA1, produced by P. agglomerans IG1 was shown to enhance immune-related functions against bacterial and parasitic infections in both mice and chickens (Kohchi et al. 2006 ) and enhance recovery from immunosuppression (Hebishima et al. 2010a,b,c) . IP-PA1 administered to mice with B16 melanoma, a cancer of the skin, resulted in increased levels of tumor necrosis factor-α, and prolonged survivorship significantly over mice not treated with the immunopotentiator (Hebishima et al. 2011) . IP-PA1 has also been studied for use in macrophage activation in the protection against infections, allergies and cancer, and the reversal of immunosuppression due to chemotherapy (Hebishima et al. 2010a (Hebishima et al. ,b,c, 2011 , reflecting the potential of Pantoea-derived natural products as therapeutics.
CONCLUSIONS
Pantoea is a highly diverse group whose members are found in aquatic and terrestrial environments, and in association with plants, insects, humans and animals. While colonization by certain Pantoea species is linked to diseases in plants, humans and animals, some isolates form mutualistic associations or possess plant growth-promoting capabilities. Pantoea enhances insect fitness through the breakdown of toxic substances, and even facilitate nitrogen fixation in plant roots under nitrogen-limiting conditions. In addition, the ability of this bacterial group to compete and survive in diverse environments has made many of its members particularly attractive for both biocontrol and bioremediation. Select strains of Pantoea have been developed into biocontrol agents, which prevent plant disease through the antagonism of pathogens, and in some cases, through the induction of plant systemic defenses. Additionally, Pantoea has unique biodegradative capabilities, including metabolic pathways that degrade herbicides and other toxic compounds, providing opportunity for the development and commercialization of useful products; however, there is still much uncertainty surrounding the host-associating and pathogenic capabilities of individual strains. The development of Panotea as bioagents must be considered carefully, given that there are no known pathogen biomarkers available, and that clinical and environmental isolates are phylogenetically indistinguishable in all published phylogenetic trees (Brady et al. 2008 (Brady et al. ,b, 2010a Deletoile et al. 2009; Rezzonico et al. 2009; Nadarasah and Stavrinides 2014) . Ultimately, there remains a need to identify those genetic determinants that enable niche-specific colonization, including any factors that may determine host-colonizing capacity and host specificity. Determining the nature of these genetic factors remains a promising research direction, and will undoubtedly help to unravel the full capabilities of this versatile, broad-niche bacterial group.
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